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Abstract

Escherichia colithioesterase/protease I is a 183 amino acid protein with a molecular mass of 20 500. This protein
belongs to a new subclass of lipolytic enzymes of the serine protease superfamily, but with a new GDSLS consensus
motif, of which no structure has yet been determined. The protein forms a tetramer at pH values above 6.5 and
exists as a monomer at lower pH values. Both monomer and tetramer are catalytically active. From analysis of a
set of heteronuclear multidimensional NMR spectra with uniform and specific amino acid labeled protein samples,
we have obtained near-complete resonance assignments of the backbone1H, 13C and15N nuclei (BMRB databank
accession number 4060). The secondary structure ofE. coli thioesterase/protease I was further deduced from the
consensus chemical shift indices, backbone short- and medium-range NOEs, and amide proton exchange rates. The
protein was found to consist of fourβ-strands and sevenα-helices, arranged in alternate order. The fourβ-strands
were shown to form a parallelβ-sheet. The topological arrangement of theβ-strands of−1x,+2x,+1x appears to
resemble that of the core region of theαβ hydrolase superfamily, typically found in common lipases and esterases.
However, substantial differences, such as the number ofβ-strands and the location of the catalytic triad residues,
make it difficult to give a definitive classification of the structure ofE. coli thioesterase/protease I at present.

Introduction

Lipases are important enzymes in lipid metabolism
and in signal transduction (Borgström and Brockman,
1984). They are unique in their ability to catalyze
reactions at an oil–water interface and are valuable
enzymes for the stereospecific hydrolysis and syn-
thesis of a wide variety of technologically important
regiospecific esters, organic acids, and alcohols (San-
taniello et al., 1992; Cambillau et al., 1996). The
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lipolytic enzymes investigated so far vary considerably
in size and amino acid sequence. Yet they all belong
to the class of serine esterases with a 3D structure
that conforms to the symbolα/β hydrolase superfam-
ily (Ollis et al., 1992). The secondary structure of
this class of enzymes is characterized by alternate
α-helices andβ-strands. The active site is a Ser-
Asp/Glu-His catalytic triad, similar to that observed in
serine proteases. The nucleophilic serine is invariably
located at the center of an extremely sharp turn be-
tween aβ-strand and a buriedα-helix. In most lipases
this serine is found in the sequence GxSxG, consid-
ered to be an identifying feature of lipases (Jaeger
et al., 1994; Rubin, 1994). Recently, a new class
of lipolytic enzymes with diverse substrate specificity
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and regiospecificity was found (Upton and Buckley,
1995). Members of this class includeAeromonas hy-
drophila lipase/acyltransferase,Vibrio parahaemolyti-
cus hemolysin/phospholipase,Xenorhabdus lumi-
nescenslipase, Pseudomonas putidaORF in the
trpE-trpG region, Arabidopsis thalianaproline-rich
protein, Brassica napusproline-rich protein, Virio
mimicusarylesterase,E. coli thioesterase/protease I,
andStreptomyces scabiessuberin esterase. This class
of nine enzymes possesses a distinctive GDSLS se-
quence motif, instead of the common GxSxG motif.
In Aeromonassp., the enzyme was found to be inactive
when the sequence was changed to GDSLG (Robert-
son et al., 1994). All the proteins in this group share
little sequence homology with the known lipases and
have at least four other sequence blocks in common
which all appear in the same order (Upton and Buck-
ley, 1995). This provides more evidence that this class
of enzymes represents a new family or subfamily of
lipolytic enzymes. This sequence alignment also al-
lows the identification of a Ser-Asp-His triad as the
likely active site residues, similar to that found in
common lipases. The importance of the active site
triad in Vibrio mimicusarylesterase was confirmed by
a site-directed mutagenesis study (Lee et al., 1997).
However, the other conserved residues in the mo-
tifs surrounding each of the presumed catalytic amino
acids are not the same as those found in common li-
pases. This, together with the fact that the GDSLS
sequence in most of the proteins in this subclass of
lipolytic enzymes is much closer to the N-terminus
whilst the GxSxG motif is typically near the middle of
the peptide sequence in the common lipases, indicates
that there may be significant differences between the
structures of the two classes of lipases. At present, no
structure is known for a member of this family of en-
zymes; thus, no information regarding their structural
relationship to other lipases is available. Therefore, de-
termining the structures of this subfamily of lipolytic
enzymes has become an interesting structural biology
problem.

Kass et al. (1967) first reported the presence of
thioesterase activity in extracts ofE. coli. Two distinct
enzymes, a low molecular weight thioesterase I and
a high molecular weight thioesterase II, that catalyze
the hydrolysis of fatty acyl coenzyme A (acyl-CoA)
substrates were later detected after fractionation of cell
extracts (Barnes and Wakil, 1968; Barnes et al., 1970).
The tesAgene encoding theE. coli thioesterase I was
later cloned and sequenced (Cho and Cronan, 1993).
E. coli protease I was first reported by Pacaud and

Uriel (1971), who found that a partially purifiedE.
coli protease I enzyme was able to convert the native
form of polynucleotide phosphorylase into a smaller,
more active form of the enzyme. This protease I en-
zyme was further purified and characterized (Pacaud
and Uriel, 1971; Pacaud et al., 1976). TheapeAgene
encoding the protease I enzyme was later subcloned
and sequenced (Ichihara et al., 1993). A comparison
of the sequence of thetesAandapeAgenes showed
that theE. coli thioesterase I and protease I were the
same protein.

E. coli thioesterase/protease I, a member of the
new subclass of lipolytic enzymes, is a 183 amino
acid protein of 20.5 kDa. It catalyzes the hydrolytic
cleavage of long-chain (C12–C18) fatty acyl coenzyme
A (CoA) thioestersin vitro and also cleaves fatty acyl
carrier protein (ACP) thioesters at a rate of 103 to 104

times slower than acyl-CoA esters of the same length
(Barnes and Wakil, 1968; Spencer et al., 1978). Thus,
it terminates fatty acid chain growth during fatty acid
synthesis by hydrolysis of the acyl thioester linkage
between the fatty acid and phosphopantetheine co-
factor of fatty acid synthesis. This protein has also
been shown to possess arylesterase activity (Lee et al.,
1997). Cho and Cronan (1994) further showed that the
same active site is used for both fatty acid and amino
acid substrates and that it behaves as a thioesterasein
vivo. Defects in the export of this enzyme result in
disrupted regulation of fatty acid synthesis (Cho and
Cronan, 1995). The exact physiological role of the
protein is unclear as the deletion of this gene does
not seem to produce any change in growth pheno-
type (Cho and Cronan, 1993; Ichihara et al., 1993).
The rather versatile enzymatic activities ofE. coli
thioesterase/protease I render it a good candidate for
further engineering for industrial applications.

We have prepared several uniform and specific
amino acid13C- and/or15N-labeled protein samples
and have employed multinuclear, multidimensional
NMR techniques to determine the solution structure
of E. coli thioesterase/protease I. In this paper we re-
port NMR resonance assignment, secondary structure
identification, and the structural implication ofE. coli
thioesterase/protease I.
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Materials and Methods

Protein purification
E. coli thioesterase/protease I was isolated from
the BL21(DE3) strain ofE. coli containing a plas-
mid which carries thetesA/apeAgene for producing
thioesterase I, under the control of T7 polymerase (Lee
et al., 1997; Su, 1997). A string of six histidines was
added to the C-terminus to facilitate protein purifica-
tion by a Ni-NTA column, as described previously
(Lee et al., 1997). The histidine tag was not cleaved
from the C-terminus. The purity of the protein was
checked by gel electrophoresis and was found to be
better than 95% after elution from the Ni column.
Typical protein yields were about 15 mg/l for cells
grown in M9 medium. The enzyme was checked
for its thioesterase, arylesterase, and protease activ-
ities using palmitoyl-CoA,p-nitrophenyl esters, and
N-carbobenzoxy-D-phenylalaninep-nitrophenyl ester
(D-NBPNPE) andN-carbobenzoxy-L-phenylalanine
p-nitrophenyl ester (L-NBPNPE), respectively, at var-
ious pH values (Lee et al., 1997). Uniform13C- and/or
15N-labeled protein samples were purified fromE. coli
cells grown in M9 medium, supplemented with 2 g/l
of U-13C glucose and/or 1 g/l of15NH4Cl. To obtain
samples with15N labeled at specific amino acids,E.
coli cells were grown at 37◦C in M9 medium, supple-
mented with unlabeled glucose and NH4Cl. After cells
had grown to an OD of 0.8, the desired amino acid
(15N-labeled) was added, together with IPTG. The
amount of labeled amino acid added to each prepara-
tion was 600 mg/l of alanine, 60 mg/l of leucine, and
60 mg/l of phenylalanine.

NMR spectroscopy
Samples for NMR experiments contained about 0.3 ml
of 2–3 mM protein in 50 mM phosphate buffer, pH 3.5,
in 5 mm Shigemi NMR tubes (Shigemi Co., Tokyo,
Japan). Buffer exchange and pH adjustments were
achieved by repeated dilution with appropriate buffers
and concentrating with centricon filters (Millipore Co.,
Bedford, MA, U.S.A.). The pH of the final filtrate
was taken as the pH of the protein sample. Upon at-
taining the desired pH, 10% (v/v) of D2O was added.
For preparing the sample in D2O, the concentrated
protein sample was repeatedly lyophilized and re-
dissolved in D2O. pH values were measured with a
JENCO microelectronic pH-vision model 6071 pH
meter equipped with a 4 mm electrode. All reported
pH values were direct readings from the pH meter
without correction for the isotope effect. pH∗ is used

to indicate direct pH meter readings of D2O solutions,
uncorrected for the deuterium isotopic effect using
electrodes standardized in H2O buffers.

All experiments were performed on a Bruker
AMX-600 NMR spectrometer equipped with an am-
plifier capable of generating shaped field-gradient
pulses of 50 G/cm. A 5 mm inverse triple-resonance
probe head (1H/13C/15N), fitted with a self-shielded
X,Y,Z-gradient coil, was used. Quadrature detection
in the indirectly detected dimension was accomplished
using the States-TPPI method (Marion et al., 1989b).
Water suppression was achieved by applying the WA-
TERGATE sequence (Piotto et al., 1992).15N or 13C
decoupling during acquisition was accomplished with
the GARP pulse sequence (Shaka et al., 1985). Pulse
sequences of triple-resonance experiments, such as
HNCA, HNCO, CBCA(CO)NH, etc., were modified
by applying one scrambling Z-gradient during each
INEPT step, when the magnetization of interest is con-
verted into IZSZ order. Gaussian-shaped13CO 90◦ and
180◦ pulses were used to select for excitation of either
13C′ or 13Cαspins. Carbon 90◦ and 180◦ pulses applied
on the same carrier frequency were adjusted to the
same length using different power levels. All spectra
were recorded at 310 K.

A 2D NOESY (Jeener et al., 1979) with a mix-
ing time of 80 ms and a 2D TOCSY with a 50 ms
spin-lock time were performed for unlabeled protein
dissolved in D2O. 2D 1H-15N-HSQC (Bodenhausen
and Ruben, 1980), 3D1H-15N-TOCSY-HSQC (Mar-
ion et al., 1989a) with a 55 ms isotropic mixing
time, and 3D1H-15N-NOESY-HSQC (Marion et al.,
1989a) with 110 and 200 ms NOESY mixing pe-
riods were acquired with a15N uniformly labeled
sample. A study of slowly exchanging amide pro-
tons was accomplished by acquiring a series of 2D
1H-15N-HSQC spectra immediately after dissolution
of the lyophilized, 15N uniformly labeled sample
in D2O. 2D 1H-15N-HSQC spectra were also ac-
quired with samples specifically (amide-15N)-labeled
at the following amino acids: alanine, leucine, phenyl-
alanine, and serine. 2D1H-13C-CT-HSQC (Vuister
and Bax, 1992) and 3D HCCH-TOCSY (Bax et al.,
1990; Wang and Zuiderweg, 1995) spectra were ac-
quired on a13C uniformly labeled sample in D2O.
The 3D triple-resonance experiments CT-HNCO, CT-
HNCA, CT-HN(CO)CA (Grzesiek and Bax, 1992),
CT-HN(CA)CO (Clubb et al., 1992), CBCA(CO)NH
(Grzesiek and Bax, 1993), and HNCACB (Wittekind
and Mueller, 1993) were performed on a15N,13C uni-
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Table 1. Acquisition parameters for experiments

Experiment Nucleus No. of complex points SW (Hz) Scans Total time (h)

F1 F2 F3 F1 F2 F3 F1 F2 F3

HNCO 15N 13CO 1HN 32 40 512 2432 1962 4237 8 14

HNCA 15N 13Cα 1HN 52 105 512 2432 9054 4237 16 120

HN(CA)CO 15N 13CO 1HN 32 40 512 2432 1962 4237 48 87

HN(CO)CA 15N 13Cα 1HN 32 32 512 2432 5282 4237 8 12

CBCA(CO)NH 15N 13Cα/β 1HN 32 64 512 2432 12072 4237 32 91

HNCACB 15N 13Cα/β 1HN 32 64 512 2432 12072 4237 32 94

TOCSY-HSQC 1H 15N 1HN 128 64 512 7801 2432 4237 8 92

NOESY-HSQC 1H 15N 1HN 128 64 512 7801 2432 4237 8 133

HCCH-TOCSY 1H 13C 1H 128 105 512 6849 10563 6849 8 141

C(CO)NH 15N 13C 1HN 32 70 512 2432 12072 4237 32 95

CT-HSQC 13C 1H 160 1024 10563 6849 48 5

HSQC 15N 1HN 128 1024 2432 4237 16 0.66

formly double labeled sample in H2O. The acquisition
parameters for these experiments are listed in Table 1.

All spectra were processed using UXNMR (Bruker
AG, Karlsruhe, Germany) and analyzed using AU-
RELIA (Neidig et al., 1995) on an SGI workstation.
Linear prediction was used in the15N dimension
to improve the digital resolution. Chemical shifts
were referenced to DSS (2,2-dimethyl-2-silapentane-
5-sulfonate) at 0 ppm (Wishart and Sykes, 1994). The
15N and13C chemical shifts were indirectly referenced
using the following consensus4 ratios of the zero-
point frequencies at 310 K: 0.101329118 for15N/1H
and 0.251449530 for13C/1H (Wishart et al., 1995).

Results

The resonances of the proton 1D spectrum of
thioesterase/protease I at pH 7.0 are very broad, in-
dicating the formation of a multimer under this condi-
tion. However, the line width narrowed considerably
upon lowering the pH to 6.5 and below. Gel exclu-
sion column chromatography further confirmed that
the protein forms a tetramer at pH values above 6.5
and a monomer at pH values below 6.5. An activ-
ity assay showed that both monomer and tetramer are
active (Su, 1997). The spectra obtained at pH 6.5
and pH 3.5 are very similar, suggesting little con-
formational difference at these two pH values. In
the monomeric form the protein is well behaved,
with excellent temperature and pH stability. The pro-
tein also showed excellent chemical shift dispersion
as indicated by the 2D1H-15N HSQC spectrum of

thioesterase/protease I, acquired at 310 K and pH 3.5
in 90% H2O/10% D2O, as shown in Figure 1. Exclud-
ing the N-terminal residue and the 13 proline residues,
there are 175 potentially observable backbone NH-15N
cross peaks in the1H-15N-HSQC spectrum ofE. coli
thioesterase/protease I (there are six additional histi-
dine residues in the C-terminus). One hundred and
sixty-nine well-resolved resonances were observed.
Thirty-eight side-chain NH2 resonances, out of 50 ex-
pected from 8 asparagine and 17 glutamine residues,
were observed. In addition, all resonances of the five
indole NεH of tryptophan residues and eight arginine
side-chain NεH (folded) were observed.

Spin system identification
Spin system identification was accomplished by ana-
lyzing the 3D15N-TOCSY-HSQC spectrum obtained
with a 15N-labeled protein sample. We observed 164
out of 175 potentially observable intra-residue HN-Hα

cross peaks in the 3D TOCSY-HSQC spectrum. The
10 glycine residues were assigned easily from their
characteristic high-field15N resonances and the pres-
ence of two CαH cross peaks in the 3D15N-TOCSY-
HSQC spectrum. In addition, we readily identified
most spin systems for alanine, valine, and threo-
nine residues, as well as the residues with AMX and
AMPTX spin systems. Out of 25 asparagine and glu-
tamine side-chain amides, 22 were observed in the
3D TOCSY-HSQC spectrum. The 2D13C-CT-HSQC
experiment of Vuister and Bax (1992) was found to
be very useful as it had good resolution in theω1 di-
mension due to the removal of13C-13C coupling in the
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Table 2. 1H, 15N and13C chemical shifts forE. coli thioesterase I in 90% H2O/10% D2O at 310 K, pH 3.5

Residue 15N NH Hα Hβ 13Cα 13Cβ 13CO Other1H Other15N, 13C

Met1

Ala2 117.61 7.51 4.12 1.45 51.77 19.80 173.87

Asp3 121.07 8.72 4.80 2.87, 2.68 54.20 41.71 174.88

Thr4 117.32 8.62 5.18 3.93 62.70 71.42 173.26 Hγ2 1.05 Cγ2 21.21

Leu5 129.82 9.54 5.31 2.08, 1.55 53.70 44.05 173.06

Leu6 128.57 8.72 5.08 53.05 46.21 174.38

Ile7 126.70 9.12 4.43 2.06 60.25 37.42 172.85 Hγ1 1.11; Hγ2 0.73; Cγ2 16.35; Cδ1 12.51

Hδ1 0.55

Leu8 130.76 9.05 4.64 2.08 52.83 43.69 173.43 Hδ 0.61

Gly9 111.70 6.87 5.52, 3.70 44.46 173.36

Asp10 117.63 7.75 5.45 51.48 40.77 179.47

Ser11 66.91

Leu12 118.04 8.05 4.64 57.36 40.34 179.46

Ser13 113.90 7.79 4.71 3.97, 3.97 60.14 64.63 172.85

Ala14 119.82 8.23 3.86 1.04 53.30 19.97 177.12

Gly15 102.32 7.67 3.96, 3.50 45.00 172.04

Tyr16 125.14 8.26 4.37 2.57, 2.57 57.75 39.37 174.48 Hδ 6.73; Hε 6.63

Arg17 122.63 8.72 3.47 1.68 57.29 26.62 174.42 Hγ 0.23; Hδ 3.19; Nε 83.78

Hε 7.26

Met18 111.07 7.23 2.91 53.82 35.07 173.67

Ser19 115.13 8.39 4.31 3.90, 3.81 58.00 63.62 175.49

Ala20 127.30 8.77 4.03 1.44 55.28 18.21 180.47

Ser21 108.88 7.86 3.95 3.82, 3.82 62.67 59.40 173.46

Ala22 121.70 7.50 4.26 1.34 50.95 19.91 176.61

Ala23 118.26 6.88 4.18 1.08 51.43 19.85 179.05

Trp24 118.01 8.98 4.65 3.17, 3.05 61.12 174.60 Hε1 9.65; Hδ1 7.37; Nε1 129.20

Hε3 6.86; Hζ3 6.49;

Hη2 6.76; Hζ2 7.70

Pro25 66.07 30.96 178.13

Ala26 118.88 7.20 4.00 1.46 54.32 18.27 180.17

Leu27 117.32 7.13 4.10 1.67, 1.36 56.79 40.10 180.37

Leu28 121.07 8.41 3.68 1.74 57.24 42.17 177.42

Asn29 115.76 8.01 4.30 3.01, 2.81 57.30 39.38 177.12 Hδ2 7.71, 6.86 Nδ2 113.57

Asp30 115.76 7.72 4.44 2.84, 2.82 56.24 38.89 174.78

Lys31 118.57 7.67 4.16 1.78, 1.47 58.37 33.06 178.54

Trp32 117.38 8.10 4.97 3.58, 3.26 55.43 30.23 176.81 Hε1 10.10; Hδ1 6.93; Nε1 126.07

Hη2 6.71; Hζ3 6.55;

Hζ2 7.24

Gln33 118.26 8.01 4.29 58.20 28.00 175.90

Ser34 114.20 8.55 4.16 3.96, 3.84 60.61 62.77 174.17

Lys35 120.45 8.47 4.37 1.68, 1.31 57.63 33.92 176.51

Thr36 116.07 7.85 4.60 3.64 62.11 71.83 173.06 Hγ2 1.11 Cγ2 22.31

Ser37 120.45 8.66 4.72 3.83, 3.83 57.93 63.74 173.46

Val38 125.76 8.61 4.89 1.90 61.37 32.82 175.49 Hγ 0.98, 0.66 Cγ 20.82

Val39 128.57 8.88 3.96 1.42 60.68 33.49 173.97 Hγ 0.62, 0.12 Cγ 20.59, 19.06

Asn40 126.39 9.14 4.71 3.05, 2.14 51.39 37.92 173.97 Hδ2 7.84, 6.69 Nδ2 109.51

Ala41 132.32 8.87 4.76 1.27 50.18 20.29 176.61

Ser42 116.38 7.27 4.84 3.02, 3.02 58.75 63.82 172.74
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Table 2. Continued

Residue 15N NH Hα Hβ 13Cα 13Cβ 13CO Other1H Other15N, 13C

Ile43 122.63 7.50 4.14 1.70 59.47 40.05 176.20 Hγ1 1.23, 0.98; Cγ2 16.86; Cδ1 16.35

Hγ2 0.80; Hδ1 0.74

Ser44 122.63 8.91 3.84 61.19 62.90

Gly45 106.07 8.77 4.76, 3.86 45.19 174.88

Asp46 119.51 7.27 4.72 55.98 40.56 179.25

Thr47 113.57 8.65 4.42 4.61 59.96 71.92 176.19 Hγ2 1.21 Cγ2 21.76

Ser48 110.13 8.82 4.62 4.00, 3.86 62.74 60.28 176.31

Gln49 120.51 7.23 3.77 2.32, 2.02 59.37 28.82 178.24 Hε2 7.25, 6.69 Nε2 110.76

Gln50 120.45 7.67 4.01 2.41, 2.04 59.06 29.55 179.15 Hε2 7.56, 6.72 Nε2 111.38

Gly51 107.01 8.27 3.73, 3.44 47.24 174.68

Leu52 120.45 8.11 3.92 57.79 40.65 178.74

Ala53 119.20 7.74 4.03 1.50 54.67 18.22 179.56

Arg54 112.95 7.20 4.34 1.93 56.71 31.25 178.64

Leu55 118.88 7.52 4.18 59.19 39.82 173.83

Pro56 3.55 67.06 30.83 179.66

Ala57 117.90 8.01 4.10 1.42 55.10 18.53 180.57

Leu58 117.63 7.49 4.14 2.22 52.68 180.27

Leu59 117.95 8.44 3.79 57.68 40.60 179.86

Lys60 118.88 7.60 4.01 1.83, 1.44 58.71 32.76 178.03

Gln61 115.13 7.97 3.92 1.65, 1.50 58.02 29.37 177.63 Hγ 2.08, 1.90

His62 110.13 7.92 4.70 3.02, 2.85 55.94 30.60 173.26 Hδ2 6.85

Gln63 113.88 7.89 4.13 2.12, 1.97 55.90 28.20 172.71 Hγ 2.27, 2.27; Nε2 111.38

Hε2 7.49, 6.79

Pro64 4.32 62.54 175.09

Arg65 118.57 8.34 4.16 0.89 56.49 29.83 176.31 Hγ 0.48; Hδ 2.78, 2.51; Nε 84.33

Hε 6.87

Trp66 115.13 7.59 5.60 3.15, 3.02 56.50 32.59 175.39 Hε1 10.17; Hδ1 7.13; Nε1 129.20

Hη2 7.14; Hζ3 6.95;

Hζ2 7.28

Val67 120.76 8.47 5.17 1.81 60.08 34.98 173.97 Hγ 0.70, 0.66 Cγ 21.44, 19.63

Leu68 128.89 9.30 5.09 2.03, 1.27 53.99 43.61 173.77

Val69 127.95 9.16 4.29 2.23 62.49 32.96 174.07 Hγ 0.93, 0.82 Cγ 20.93, 20.31

Glu70 134.20 8.83 5.01 2.30 54.80 171.74

Leu71 117.01 8.66 4.62 53.79 50.41 177.35

Gly72 106.07 8.74 4.80, 3.86 44.07 176.31

Gly73 111.07 9.43 4.14, 3.69 47.14 174.27

Asn74 113.26 8.39 4.95 2.83, 2.50 53.53 38.90 175.49 Hδ2 7.39, 6.86 Nδ2 110.76

Asp75 122.32 7.89 3.82 3.09 58.09 38.67 178.54

Gly76 108.57 9.02 3.64, 3.05 46.96 177.22

Leu77 121.70 7.47 4.06 1.80, 1.63 56.80 41.81 178.34

Arg78 114.51 7.09 4.36 2.07, 1.58 53.70 29.46 176.10 Hδ 3.22; Hε 7.88 Nε 84.06

Gly79 105.76 7.63 4.04, 3.67 45.56 177.93

Phe80 118.57 7.79 4.73 2.94, 2.89 56.61 38.38 178.03 Hδ 7.16; Hε 7.01;

Hζ 6.50

Gln81 124.51 9.39 4.78 1.92, 1.92 54.37 27.48 176.25 Hγ 2.59, 2.59; Nε2 112.32

Hε2 7.50, 6.91

Pro82 4.00 66.80 31.43 177.02



369

Table 2. Continued

Residue 15N NH Hα Hβ 13Cα 13Cβ 13CO Other1H Other15N, 13C

Gln83 113.57 8.99 4.07 2.03, 2.03 59.10 27.55 176.92 Hγ 2.40, 2.40; Nε2 111.07

Hε2 7.55, 6.72

Gln84 118.57 7.61 4.18 2.27, 2.05 58.75 28.44 179.05 Hγ 2.41, 2.41; Nε2 113.26

Hε2 7.68, 7.32

Thr85 120.45 7.85 3.82 4.16 68.32 175.49 Hγ2 1.23 Cγ2 21.21

Glu86 119.88 8.71 3.50 60.48 28.97 177.04

Gln87 116.13 7.84 4.01 2.21, 2.08 58.44 27.98 178.45 Hγ 2.49, 2.49; Nε2 111.07

Hε2 7.40, 6.87

Thr88 117.32 8.11 3.89 4.23 66.68 67.91 Hγ2 1.08 Cγ2 21.76

Leu89 120.13 8.65 3.82 57.89 42.46 178.54

Arg90 118.88 8.50 3.58 2.02 60.50 29.70 177.22

Gln91 117.01 7.46 3.97 2.32, 2.13 58.75 29.00 178.44 Hγ 2.44; Nε2 111.38

Hε2 7.14, 6.89

Ile92 119.51 8.04 3.40 2.14 65.97 37.61 177.12 Hγ2 0.72 Cγ2 16.41

Leu93 118.57 8.19 3.42 2.24, 1.95 58.88 39.58 178.64 Hγ 1.05; Hδ 0.26

Gln94 117.01 8.21 3.97 2.30, 2.07 59.02 178.95 Hγ 2.62, 2.51; Nε2 109.82

Hε2 7.39, 6.82

Asp95 118.88 8.45 4.26 3.12 55.40 36.69 178.13

Val96 119.20 8.27 3.36 2.04 67.53 31.69 177.42 Hγ 0.97, 0.61 Cγ 22.31

Lys97 117.01 8.04 4.45 1.95, 1.53 59.50 31.59 180.98

Ala98 121.38 8.39 4.22 1.50 54.14 18.32 177.83

Ala99 119.51 7.30 4.45 1.44 51.10 19.20 176.10

Asn100 112.95 8.14 4.29 3.06, 2.81 54.24 36.55 173.06 Hδ2 7.48, 6.77 Nδ2 112.01

Ala101 118.26 7.42 4.58 0.90 49.22 21.65 175.49

Glu102 120.45 8.18 5.04 2.10, 2.10 51.90 30.87 174.49 Hγ 2.51, 2.34

Pro103 5.12 61.08 31.83 174.27

Leu104 119.20 8.91 4.60 1.82, 1.12 53.37 43.90 175.09

Leu105 124.51 8.45 4.82 2.08, 1.12 53.90 45.49 173.87

Met106 124.51 8.04 4.80 2.06 54.71 35.14 174.03

Gln107 125.82 8.59 3.06 56.54 172.26

Ile108 3.01 1.53 56.53 36.64 Hγ2 0.54 Cγ2 16.81

Arg109 3.50 65.13 31.03 177.12

Leu110 114.51 7.21 4.25 1.67, 1.27 55.74 42.43 178.03

Pro111 4.26 62.21 31.56 176.61

Ala112 122.01 8.10 3.94 1.19 53.21 18.59 178.13

Asn113 112.32 8.18 4.41 2.64, 2.62 54.00 37.01 175.60 Hδ2 7.43, 6.57 Nδ2 111.38

Tyr114 119.82 7.68 4.46 3.05, 2.85 57.47 37.74 176.81 Hδ 6.80; Hε 6.58

Gly115 106.70 7.92 4.37, 3.86 44.43 173.66

Arg116 120.45 8.43 4.06 1.85, 1.63 59.57 30.51 178.03 Hδ 3.17; Hε 7.32 Nε 83.91

Arg117 117.95 8.48 4.61 1.73 59.41 29.43 179.35 Hδ 3.22; Hε 7.30 Nε 84.10

Tyr118 120.13 8.45 4.09 3.07, 2.86 61.68 38.22 176.81 Hδ 7.25; Hε 6.46

Asn119 117.32 8.52 4.29 2.97, 2.83 56.95 38.05 178.74

Glu120 119.20 8.65 4.08 2.12, 2.12 55.16 32.06 178.64 Hγ 2.55, 2.38

Ala121 121.01 7.54 4.13 1.44 54.51 18.25 179.66

Phe122 117.63 9.09 3.92 2.86, 2.36 61.12 40.37 177.02 Hδ 6.83; Hε 7.12

Ser123 111.70 8.41 4.11 1.99 62.52 57.22 176.51

Ala124 118.88 7.20 4.16 1.49 53.38 18.36 178.64

Ile125 116.38 7.46 3.32 1.35 65.16 38.12 176.51 Hγ2 0.54; Hδ1 0.30 Cγ2 16.75; Cδ1 14.43

Tyr126 113.26 6.70 3.84 3.13, 2.69 64.21 35.78 174.29 Hδ 6.92; Hε 6.50
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Table 2. Continued

Residue 15N NH Hα Hβ 13Cα 13Cβ 13CO Other1H Other15N, 13C

Pro127 4.15 65.33 30.30 179.15

Lys128 117.01 6.84 3.99 1.85 59.76 32.71 179.35

Leu129 118.88 8.30 4.18 1.74, 1.14 57.38 42.18 176.71

Ala130 120.76 8.33 4.04 1.61 55.49 18.25 179.86

Lys131 115.45 7.65 4.23 1.94, 1.61 58.48 32.51 179.35 Hγ 1.51

Glu132 119.82 8.27 3.83 1.61, 1.61 59.07 29.73 178.03 Hγ 2.20, 2.20

Phe133 112.01 8.07 4.30 3.15, 2.77 59.00 40.37 174.27 Hδ 7.43; Hε 7.26;

Hζ 7.32

Asp134 121.70 7.96 4.46 3.29, 2.55 54.35 37.31 174.68

Val135 112.01 8.39 4.99 2.56 57.21 31.84 173.03 Hγ 0.99, 0.80 Cγ 21.72, 18.89

Pro136 4.23 63.54 32.79 174.07

Leu137 122.70 8.01 5.29 1.89 52.17 43.61 176.88 1.07

Leu138 129.57 9.23 4.82 1.74 51.94 42.58 173.58 1.37

Pro139 4.55 61.81 31.89 174.78

Phe140 117.70 8.65 4.83 3.04, 3.04 54.52 179.21 Hδ 7.29; Hε 6.82;

Hζ 6.54

Phe141 125.82 6.86 4.35 3.18, 3.00 175.27 Hδ 6.99; Hε 7.36;

Hζ 6.57

Met142 4.34 53.17 28.50 176.61

Glu143 115.76 7.02 4.00 2.14, 1.98 58.84 28.17 178.13

Glu144 112.63 7.16 4.16 2.10, 1.70 56.87 29.24 176.61

Val145 118.57 6.90 3.79 1.80 64.65 32.03 179.05 Hγ 0.93, 0.84 Cγ 22.85

Tyr146 113.95 7.83 4.49 3.29 58.54 38.45 177.01 Hδ 7.21; Hε 6.55

Leu147 122.38 8.10 4.18 1.57, 1.50 55.44 41.98 177.37 0.79

Lys148 118.95 7.99 4.11 56.16 29.41 176.08

Pro149 65.47 31.63 178.95

Gln150 114.82 9.09 4.26 1.96 57.37 26.64 176.51 Hε2 7.21, 6.58 Nε2 110.76

Trp151 122.63 8.52 5.31 3.42, 3.41 54.34 31.36 175.29 Hε1 9.90; Hδ1 6.82; Nε1 125.76

Hε3 7.22; Hζ3 5.96;

Hη2 6.66; Hζ2 7.03

Met152 117.63 7.36 5.23 2.03 51.90 32.03 177.83

Gln153 117.32 8.66 4.59 2.20, 1.35 56.62 28.30 177.32 Hε2 7.21, 6.58 Nε2 111.07

Asp154 120.13 8.98 4.31 2.84 55.75 39.17 175.80

Asp155 114.82 7.27 4.41 3.04, 2.88 53.49 39.97 177.12

Gly156 107.63 8.16 4.02, 3.66 46.09 172.95

Ile157 117.63 8.47 4.03 0.93 61.36 41.88 175.09 Hγ1 1.20; Hγ2 0.65; Cγ1 26.19; Cγ2 15.45;

Hδ1 0.15 Cδ1 12.68

His158 115.76 8.69 4.76 3.26, 2.70 55.47 29.30 171.88 Hδ2 6.61; Hε1 7.50

Pro159 3.50 64.74 32.03 177.12

Asn160 113.95 7.82 4.25 58.54 38.45 178.03

Arg161 112.01 7.38 3.55 1.12 61.12 31.25 175.49 Hγ 0.06,−0.34; Nε 83.98

Hε 6.60

Asp162 118.26 7.46 4.56 2.67, 2.55 53.03 38.63 174.99

Ala163

Gln164 120.19 8.41 4.22 54.45 40.39 176.20

Pro165 3.62 66.40 30.50 178.54

Phe166 117.32 7.17 4.05 2.67, 2.34 60.89 38.33 177.53 Hδ 7.00; Hε 6.58;

Hζ 6.72

Ile167 119.20 7.79 2.78 1.14 65.26 38.18 177.42 Hγ2 0.58; Hδ1 – 1.17 Cγ2 16.30; Cδ1 14.09
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Table 2. Continued

Residue 15N NH Hα Hβ 13Cα 13Cβ 13CO Other1H Other15N, 13C

Ala168 119.82 8.44 4.37 1.67 55.90 18.27 178.44

Asp169 117.32 7.70 4.14 2.63, 2.56 57.02 40.24 177.63

Trp170 122.63 8.43 3.73 2.89 61.76 28.97 179.46 Hε1 10.13; Hδ1 7.14; Nε1 129.51

Hη2 7.11; Hζ3 6.83;

Hζ2 7.40

Met171 117.01 8.95 4.07 55.54 29.41 178.44

Ala172 122.01 8.34 3.76 1.29 55.49 16.79 179.66

Lys173 115.76 7.35 3.90 1.65 58.93 32.00 179.35

Gln174 115.45 7.53 3.67 1.80, 1.46 56.92 27.76 177.93 Hγ 2.13, 1.69; Nε2 109.20

Hε2 7.20, 6.63

Leu175 112.63 8.34 4.11 1.99, 1.31 55.84 43.25 178.24

Gln176 120.76 8.05 3.91 61.19 173.94

Pro177 4.50 61.68 32.22 177.12

Leu178 112.95 6.86 4.09 1.56 51.09 39.63 176.92

Val179 119.82 8.79 3.58 1.18 59.87 30.44 178.74 Hγ 0.08,−0.31 Cγ 19.06, 18.56

Asn180 119.82 7.96 4.35 2.90, 2.80 56.14 39.48 176.31

His181 117.63 7.45 2.81 1.38 55.93 28.86 178.27 Hδ2 6.87; Hε1 7.73

Asp182

Ser183

His184

His185

His186

His187

His188

His189

constant time mode. This experiment also had the ad-
vantage that the cross peaks could be edited according
to the number of coupled partners as either positive
peaks for those13C nuclei coupled to an odd num-
ber of spins or negative peaks for those coupled to an
even number of spins. Thus, the threonine Cβ-CβH and
glycine Cα-CαH cross peaks had intensities opposite
in sign to those of the Cα-CαH cross peaks of all the
other amino acids, making them readily distinguish-
able. The HNCACB and CBCA(CO)NH experiments
provided both sequential connectivity and information
on the residue type from the unique13Cα/13Cβ chemi-
cal shift patterns of some residues (Grzesiek and Bax,
1993), especially for alanine, glycine, serine, and thre-
onine residues. We identified 18 out of 19 alanine,
10 out of 10 glycine, 8 out of 11 serine, and 5 out
of 5 threonine spin systems. In the later stage of as-
signment we also used13Cα and13Cβ chemical shift
data to identify valine, isoleucine, and proline residues
whose13Cα nuclei were expected to resonate at lower
fields (usually greater than 60 ppm).

Backbone assignment
Backbone assignments were accomplished based pri-
marily on the following six 3D triple-resonance ex-
periments: HNCA, HN(CO)CA, HNCACB, CBCA-
(CO)NH, HN(CA)CO, and HNCO. Figure 2 shows the
assignment of backbone13Cα resonances for residues
Asp3 to Asp10 based on the HNCA and HN(CO)CA
experiments. The HN(CO)CA spectrum identified
the interresidue connectivity, while the HNCA spec-
trum identified both the intra- and interresidue con-
nectivities and hence could detect degenerate res-
onances from adjacent residues. Similarly, the se-
quence connectivities based on Cα and Cβ chemical
shifts were obtained based on the CBCA(CO)NH
and HNCACB spectra. The side-chain amide15N
resonances of asparagine and glutamine, which are
expected to resonate in the range of 107–115 ppm,
were also identified on a 3D CBCA(CO)NH spec-
trum. The13Cα and13Cβ chemical shifts of all proline
residues, except the Cβ of Pro64, were assigned based
on the CBCA(CO)NH experiment. The HNCO and
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Figure 1. 2D 1H-15N-HSQC spectrum of uniformly15N-enrichedE. coli thioesterase/protease I. The sample concentration was 3 mM, pH 3.5,
310 K. Assignments of backbone amide protons and15N cross peaks are also shown. Two regions are expanded for clarity as indicated by
arrows. The tryptophan ring NεH’s and15N’s are also shown. The horizontal lines connect the pairs of the side-chain NH2 protons in asparagine
and glutamine residues. The cross peaks marked by asterisks are the folded arginine side-chain NεH protons. The cross peaks labeled with ‘#’
are from the C-terminal histidine tags.

HN(CA)CO experiments were used to confirm the
sequential connectivity and to obtain13CO chemical
shifts. After careful analysis of the six triple-resonance
experiments, we assigned the backbone resonances of
all but 16 residues. To confirm the assignments and
to further assign the unassigned resonances, we pre-
pared three protein samples, each labeled with15N
at one of the specific amino acids: alanine, leucine,
and phenylalanine. We observed cross peaks in the

respective 2D15N-HSQC spectra for 6 out of 6 pheny-
lalanines, 18 out of 19 alanines, and 24 out of 24
leucines. These confirmed all of the previous as-
signments and provided eight additional assignments
(Ala2, Ala57, Phe140, Phe141, Leu138, Leu147, Ala168,
and Leu178). The assignments of Phe140 and Phe141 in
the sequence Pro139-Phe140-Phe141-Met142 were diffi-
cult prior to obtaining the [15N-Phe] HSQC spectrum
since Met142 could not be identified and position
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Figure 2. Strip plot of data extracted from (a) 3D HNCA and (b) HN(CO)CA spectra of thioesterase/protease I to show the sequential backbone
resonance assignment for residues Asp3 to Asp10.

139 is a proline residue. However, in the [15N-Phe]
2D HSQC spectrum, we observed six cross peaks.
Four of them had already been previously assigned
to phenylalanines. The two unassigned cross peaks
were then readily assigned to Phe140 and Phe141 based
on HNCACB and 3D NOESY-HSQC experiments.
The overlay of four 2D15N-HSQC experiments for
three specifically15N-labeled proteins and one uni-
formly 15N-labeled protein is shown in Figure 3.
The sequential assignments were further verified with

intra- and interresidue NOEs obtained from analyz-
ing the 3D15N-NOESY-HSQC spectrum from which
we were able to assign additional Hα and Hβ reso-
nances. The 3D15N-NOESY-HSQC experiment was
also very useful in reconfirming the resonance assign-
ments of asparagine and glutamine residues since all
the assigned NH2 groups were observable in the 3D
15N-NOESY-HSQC spectrum. Table 2 summarizes
the chemical shift assignments of backbone nuclei for
E. coli thioesterase/protease I. In the present study we
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Figure 3. Overlay of four 2D15N-HSQC spectra acquired with four differentE. coli thioesterase/protease I samples differing in15N-labeling
positions, but in the same solvent (pH 3.5 in 90% H2O) and under similar NMR conditions (310 K). Samples employed were: black – uniformly
15N-labeled; blue – [15N]-Phe-labeled; red – [15N]-Leu-labeled; green – [15N]-Ala-labeled.

were still unable to obtain complete backbone reso-
nance assignments of six residues (Met1, Ser11, Ile108,
Arg109, Met142, and Ala163). All of the incompletely
assigned residues are in the loop region, as described
below. Some very strong cross peaks were observed in
the 15N-HSQC spectrum which were assigned to the
six histidine tags in the C-terminus. No attempt was
made to assign these resonances.

Side-chain assignment
Side-chain1H and13C resonances were assigned us-
ing 3D HCCH-TOCSY (Bax et al., 1990) and 3D
C(CO)NH (Grzesiek et al., 1993) experiments, respec-
tively. Since the13C chemical shifts of the methyl
groups of alanine, valine, isoleucine, and threonine
have most upfield chemical shifts, we also used this
information to reconfirm our assignment for these
residues. Figure 4 shows the side-chain assignment

of seven isoleucines, extracted from the HCCH-
TOCSY spectrum. In addition, Ile108, which was pre-
viously unassigned, was identified by exclusion. The
C(CO)NH experiment was used to confirm the13Cα

and 13Cβ chemical shift assignments and to provide
assignments for the remaining side-chain carbons. The
2D TOCSY and NOESY spectra acquired in D2O
were used for assigning aromatic side chains. The con-
nectivities between the aromatic rings and the aliphatic
protons of all tyrosines and phenylalanines were estab-
lished from their respective HβHδ NOE cross peaks.
Resonances for all the aromatic protons of the five ty-
rosines and the six phenylalanines were subsequently
fully assigned based on the 2D TOCSY spectrum.
The side-chain NεH resonances of the five tryptophans
were identified in the 2D15N-HSQC spectrum and
their sequence positions were assigned based on the
NOEs of NεH/CβH or NεH/CαH. The assignments of
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Figure 4. Strip plot extracted from a 3D HCCH-TOCSY spectrum obtained with uniformly13C-labeled thioesterase/protease I in D2O, showing
the side-chain proton assignments of all seven isoleucine residues.

Figure 5. CSI consensus plot forE. coli thioesterase/protease I, determined using four nuclei (1Hα, 13Cα, 13Cβ, and13CO). The secondary
structural motifs obtained from this program are summarized in the figure.

C2H and C7H for tryptophan residues were based on
the relative intensities of the NOE cross peaks between
these protons and the NεH, where the NεH/C2H NOE
cross peaks were more intense than the NεH/C7H cross
peaks. The other tryptophan aromatic protons were
readily assigned from their coupling to the C7H pro-
tons which were identified from the TOCSY spectrum.

Secondary structure determination
The secondary structure of a protein can be estab-
lished from a number of NMR-determined parame-

ters, including chemical shift differences from random
coil values (Dalgarno et al., 1983; Spera and Bax,
1991; Wishart et al., 1991), the magnitude of NH-
CαH coupling constants, and the patterns of short-
and medium-range NOEs (Wüthrich, 1986). Using the
nearly completed Hα, Cα, Cβ, and CO resonance as-
signments, we first employed the consensus chemical
shift index (CSI) (Wishart and Sykes, 1994) to identify
the secondary structure ofE. coli thioesterase/protease
I. A residue was assigned to a helix structure only if at
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Figure 6. Slices of the fingerprint region of a 110 ms 3D15N-NOESY-HSQC spectrum illustrating the sequential connectivities from Thr85 to
Ala98. The intense intra-dαN(i, i) NOEs are marked.

least two out of the three Hα, Cα, and CO CSIs agreed
with a helix structure. A residue was assigned as aβ-
strand structure only if at least three out of the four Hα,
Cα, Cβ, and CO CSIs indicated aβ-strand. The con-
sensus plot of CSI is shown in Figure 5, indicating that
E. coli thioesterase I is composed of sevenα-helices
and fourβ-strands. The sevenα-helices are located in
the range of Leu27–Lys31 (helix α1), Ser48–Gln61 (he-
lix α2), Gly73–Arg78 (helix α3), Gln83–Ala98 (helix
α4), Arg116–Phe133 (helix α5), Met142–Tyr146 (helix
α6), and Phe166–Leu175 (helix α7). The fourβ-strands
are located in the range of Thr4–Gly9 (β1-strand),
Thr36–Ile43 (β2-strand), Trp66–Gly72 (β3-strand), and

Ala101–Met106 (β4-strand). The secondary structures
deduced from the CSI analysis were further verified
with short- and medium-range NOEs, extracted from
the 3D15N-NOESY-HSQC spectrum acquired with a
mixing time of 110 ms (Figure 6). Through analysis
of the NOE pattern in the fingerprint region of the
3D 15N-NOESY-HSQC spectrum, we verified most
of the secondary structure assignments based on the
backbone side-chain sequential connectivities. Thus,
theα-helix is characterized by a series of strong dNN
NOEs, relatively weak dαN, dαN(i, i+2), dαN(i, i+4)
NOEs, and medium dαN(i, i+3) NOEs. Figure 6
shows a representative region of the sequential as-
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Figure 7. Sequence ofE. coli thioesterase I, the amide proton exchange rates, and summary of the sequential and medium-range NOEs involving
HN and Hα protons. Amide protons that remained observable in the 2D15N-HSQC spectrum after 6 days are labeled with filled circles (very
slow-exchange protons), those that were observable after 2 days are marked with open circles with a central horizontal line (slow-exchange
protons), those that were observable after 40 min are marked with open circles (medium-exchange protons), and those that were not observable
upon the addition of D2O (fast-exchange protons) are not marked. The NOE intensities are indicated by the thickness of the black bars, with
thicker bars representing stronger NOEs.

signment from the 3D15N-NOESY-HSQC spectrum
which exhibited the characteristics ofα-helix NOE
connectivities. We also checked the amide proton ex-
change rate data to confirm the secondary structures.
Almost all the NH protons in the 98β-strand regions
exchanged slowly. Most of the NH protons in the long
helices (α2, α4, α5, andα7) are exchanging slowly.
NH protons in the short helices (α1, α3, and α6)
exchange faster. This observation is consistent with

the secondary structure assignments. A summary of
short- and medium-range NOE connectivity patterns,
backbone amide proton exchange rates, and the as-
signed secondary structures is given in Figure 7. From
the cross-over NOE connectivity pattern and the slow
amide proton exchange rates, as shown in Figure 8,
the fourβ-strands were found to form a four-stranded
parallelβ-sheet structure.
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Figure 8. The proton NOE connectivity among the fourβ-strands identified inE. coli thioesterase/protease I. Arrows indicate the presence of
NOE cross peaks between the two connected protons and the amide protons with medium and slow exchange rates are circled. Arrows with
dashed lines indicate that NOEs could not be resolved due to resonance overlap. The connectivity pattern is consistent with the formation of a
four-stranded parallelβ-sheet secondary structure ofE. coli thioesterase I.

Discussion and Conclusions

Although we have not determined the full three-
dimensional structure ofE. coli thioesterase/protease
I, the secondary structure features identified in the
present study revealed substantial clues concerning the
structure–function relationship of this enzyme. The
most striking feature of the secondary structure ofE.
coli thioesterase/protease I is its similarity to the core
region of other lipases. Figure 9 shows the secondary
structure topology of theE. coli thioesterase/protease I
deduced from the present study. The presence of seven
α-helices and fourβ-strands arranged in alternate or-
der beforeα5 is typical of theα/β hydrolase fold. The
four β-strands further form a parallelβ-sheet. Thus,
the topology of the four strands is−1x, +2x, +1x
(Richardson, 1981). When compared to the topol-
ogy of the commonα/β hydrolase proteins, such as
carboxylpeptidase II from wheat (Breddam, 1986;
Cooper and Bussey, 1989; Liao and Remington, 1990;
Thomas et al., 1990), dienelactone hydrolase from
Pseudomonassp. B13 (Pathak et al., 1988; Pathak

and Ollis, 1990), triacyl glycerol lipase fromR. miehei
(Brady et al., 1990), and human pancreas triacyl
glycerol lipase (Winkler et al., 1990), the secondary
folding of the E. coli thioesterase/protease I closely
resembles the catalytic core of these lipolytic enzymes
(strands 3–7 of the prototypeα/β hydrolase fold) (Ollis
et al., 1992). It is tempting to conclude that indeed
the structure ofE. coli thioesterase/protease I belongs
to the α/β hydrolase superfamily, the same as the
common lipases. However, there are substantial dif-
ferences between the secondary structure ofE. coli
thioesterase/protease I and the commonα/β hydro-
lase. One major difference is the number ofβ-strands
present in theα/β hydrolase family, which is usually
much higher, ranging from 8 in dienelactone hydro-
lase (MW 25 kDa) to 12 in acetylcholine esterase
(MW 60 kDa). Another major difference is the loca-
tion of the active site residues. Inα/β hydrolase the
nucleophile serine residue is located in a sharp turn
in between strand five and helix six, corresponding to
strandβ3 and helixα3 in E. coli thioesterase/protease
I. In comparison, the nucleophile serine is located at
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Figure 9. Topology of the fourβ-strands ofE. coli thioesterase/protease I. In Richardson’s notation (Richardson, 1981) (+/−)n<x>, n refers
to the number of strands in the secondary structure between the current strand and the next strand in sequence, while+ or − indicates whether
the strand is to the left or to the right of the current strand. x indicates that there is a cross-over between the strands, so that they are parallel in
direction. In this notation, the topology ofE. coli thioesterase/protease I is−1x, +2x, +1x. Filled circles indicate the location of the putative
catalytic triad residues.

the turn of the firstβ-strand in thioesterase/protease
I. Furthermore, inα/β hydrolase all the catalytic triad
residues are located in the loop regions, while the acid
Asp75 in E. coli thioesterase/protease I is located in he-
lix α3. Also, the NH protons of both Asp75 and His158

exchanged relatively slowly, suggesting that these two
residues are well protected from solvent. In contrast,
we were unable to observe the HN resonance of Ser11,
suggesting that Ser11 is rather dynamic. It will be in-
teresting to further investigate the catalytic implication
of the dynamics of the Ser11 residue. The loop region
between residues Gln150 and His158 is also interest-
ing as the NH protons in this region exchanged rather
slowly. Many dNN(i, i+2) and dαN(i,i+2) NOEs were
observed. Therefore, this region appears to form some
sort of structure and is well protected. The catalytic
His158 is located at the turn of this region.

Another interesting feature of the secondary struc-
ture is the location of the five blocks of consensus se-
quences of this subclass of enzymes, namely residues
5–15 (B1), 43–55 (B2), 67–77 (B3), 114–126 (B4),
and 153–160 (B5) (Upton and Buckley, 1995). Three
of these blocks (B1, B3, and B5) contain the three
catalytic triad residues, while the other two blocks are
mainlyα-helices. Most of the NH protons of residues
in these five blocks appear to exchange slowly; thus,
these five blocks are likely to form the protected
central catalytic core.

In conclusion, the secondary structure deduced
from the present NMR study suggests that even though
E. coli thioesterase/protease I shares little sequence
identity with the common lipases, its structure may
share some resemblance to that of the central core
structure of theα/β hydrolase. However, substantial
differences do exist and a more detailed structure must
be obtained before a definitive comparison can be
made.
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